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ABSTRACT  
Thirty-three static load tests were carried out in dry masonry walls. These walls have been subjected 
to their self-weight and to a horizontal load to promote a sliding failure between the blocks. The point 
of application of the load has been unchanged. All the walls have been constructed with the same 
ninety eight blocks. The disposition of the blocks have been done randomly in each of the walls to 
place the imperfections randomly too. 
The two objectives of this work have been: firstly, to obtain plenty of sliding tests which could enable 
to form a statistical judgment of the results, and secondly, to compare them with the results from 
several numerical methods commonly used, especially with the non Standard Limit Analysis (nSLA) 
ones. 
Keywords: sliding collapse, masonry structures, load test. 
1. INTRODUCTION  
Safety assessment of historical masonry structures, especially dry masonry and those in which the 
condition and even the presence of joint material is unknown, it is still a matter of discussion [1].   
These structures can be modelled as an Unilateral Contact Problem between bodies. From the 80s, 
these kinds of problems have been solved as Complementarity Problems (CP) [2,3]. These problems 
have multiple solutions when the collapse is produced with sliding. The author’s numeric simulations 
[4,5] show that these solutions could have a wide dispersion degree and that not all of them are 
equally probable. 
Even though a large number of masonry structures have been tested [6,7,8,9,10,11,12], in most of the 
cases rocking was the principal collapse mechanism, resulting in a small dispersion in the results. The 
number of tests in which the collapse is produced by sliding is considerably lower [13].  
Our will is to study the effect of sliding in the collapse of masonry, which means that our tests will be 
carried out on specimens only subjected to their self-weight composed with a relatively high 
horizontal external force, as a simulation of the mechanical behaviour of upper parts of buttresses, the 
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upper bands of masonry shear walls under thrust of roofs or transverse walls, or the anchorage zones 
for tension ties. 
Here we propose an experimental test with a dry masonry wall subjected to a horizontal point load 
and in its same plane. The interest of this test is that, with the right selection of the piece’s form and 
the right point of application of the load, it is possible to achieve a quasi-static way to collapse by 
pure-sliding.  
2. EXPERIMENTAL TESTS  
A wall of dry masonry was subjected to a series of load tests, where the actions were the self-weight 
and a horizontal load. The objective was to obtain plenty of sliding tests which could enable to form a 
statistical judgment of the results and compare them with the results from several numerical methods 
commonly used. The experimental tests were done in the Building Structures Department laboratory, 
ETSAM, Technical University of Madrid. All tests were performed under controlled environmental 
conditions both for temperature (20ºC+-2) and for relative humidity (R.H. 40%+-10), measured by 
means of a Hydromette HT-85-T hygrometer. 
2.1 Materials  
All the tests have been carried out on dry brickwork masonry walls. Brick pieces were chosen as base 
material due to its geometrical consistency, Its geometrical features can be found on Table 1, where 
%Min stands for the difference in percentage between minimum and mean values. Min stands for the 
minimum value, Max for its maximum, SD for the standard deviation, CV for the coefficient of variation 
(standard deviation / mean) and %Max for the difference in percentage between the maximum and 
mean values. 
Table 1. Features of the brick HD R-20 used in experimental tests 
  
%Min 
 
Min 
 
Mean 
 
Max 
 
%Max 
 
SD 
 
CV 
% 
length mm. 0.42 239 240 24.1 0.42 0.50 0.20 
width mm. 0.35 115 115.4 116.0 0.51 0.51 0.43 
height mm. 1.05 49.8 50.3 50.8 0.94 0.21 0.41 
weight N 0.63 16.42 16.52 16.76 1.43 0.07 0.42 
 
Friction coefficients have been  obtained by means of the same methods and  apparatuses used in the 
tests described below, and under those same conditions, obtaining a mean value of 0.52 and a 
standard deviation of 0.03.  
2.2 Test description  
The experiment was repeated 33 times, with the same general layout: the same point of application 
of the horizontal load and the same procedure (Fig.1), varying the position of the pieces in each test. 
Brickwork walls are 15 rows in height for a total number of 98 pieces (82 full-sized bricks and 8 of 
them split  in two halves. 
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Table 2. Results of test (load in N). 
309.5 324.1 329.1 334.4 339.1 339.4 354.3 359.1 364.4 379.0 384.2 
388.9 389.0 389.0 389.3 398.9 398.9 404.3 404.3 418.9 424.2 424.2 
433.8 433.8 453.8 459.2 463.8 469.2 474.2 479.0 508.6 509.1 533.6 
 
Using the same abbreviations as shown on Table 1, some descriptive statistics for the previous values 
are shown on Table 3. 
Table 3. Statistics of tests (load in N). 
Nº %Min Min Mean Max %Max SD CV % 
33 24.20 309.5 408.3 533.6 30.68 58.03 13.99 
 
The implementation of several goodness of fit tests and normality tests allows  to conclude that a 
Normal (Gaussian) distribution seems to be the best-fit option. A most likely range of values for the 
most relevant statistic parameters has to be found. Hence, as a conclusion, confidence intervals are 
obtained only for case D, for the 5% percentile and other parameters, for a 99% confidence level after 
using resampling methods [15] applied on the best-fit normal distribution (parametric bootstrap).  
In Figure 3, values for tests having a zero initial gap and functions are shown: a histogram scaled to 
0'50, the frequency distribution, the best-fit normal distribution, maximum and minimum values 
retrieved from tests and the 5% percentile confidence interval of those values for a 99% confidence 
level. 
 
Numerical results for confidence intervals are shown on Table 4. 
 
 
Figure 3. Graphic of  experimental results. 
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Table 4. Confidence intervals (load in N). 
Confidence intervals at 
99% confidence level 
5% 
percentile 
Mean 
 
95% 
percentile 
 285-347 383-435 460-538 
 
All the values shown correspond to the loads that promotes the beginning of sliding in each 
experimental test. 
The behaviour after the beginning of sliding is not uniform. In some cases, small changes due to gaps, 
promotes sharp increases or decreases in the sliding resistance.  
In Figure 4 the initial gap vs load (force) points are represented. These points correspond to couples of 
values obtained for all tests. Those belonging to the same test are linked by straight lines 
 
Figure 4. Evolution of sliding resistance during the experimental tests. 
 
This non-uniform behaviour provokes that during the experimental tests, different yield lines could 
appear giving complex breaking patterns. 
 
Figure 5. Different collapse mechanisms examples during the same test. 
 
There has been a variety of collapse mechanisms with one or more yield lines (Fig. 6). Not all of them 
have been equally probable. In some cases the collapse mechanism has been the same as in case 1, 
with small variations. 
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3. COMPARISON WITH SOME NUMERICAL METHODS 
3.1 Applied methods 
The numerical methods here used are: 
min nSLA: minimum value of non-Standard Limit Analysis (without dilatancy), as described in [2,3,5].  
min USD: minimum value of Uniform Stress Distribution, following Rankine theory about frictional 
tenacity [16]. 
max SLA: maximum value of Standard Limit Analysis, obtained by Limit Analysis by Linear 
Programming [17,18].  
 
Figure 6. Different collapse mechanisms in different tests. 
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3.2 Comparison of the results 
In Table 5 and in Figure 9 values for tests having a zero initial gap and functions are shown again. All 
values are compared with those retrieved from numerical methods. 
Table 5. Comparison of numerical methods and experimental results. (force in N). 
Min. nSLA 99% confidence interval 5% percentile Min.USD Max. SLA 
45 N 285 N 347 N 455 N 589 N 
 
 
Figure 9. Comparison of numerical and experimental results. 
 
4. DISCUSSION AND CONCLUSIONS 
The solution for the onset of collapse, and hence its load factor, is not always unique. It is not possible 
to explain the experimental data dispersion from the material properties dispersion, since the value of 
the first one is much greater. Comparing the results of several numerical methods - Minimum of non-
Standard Limit Analysis [2],  Uniform Stress Distribution [16], Maximum of Standard Limit Analysis [17] 
- which take into account the discontinuity of the material giving just a single value, it can be seen that 
this value is quite far from the test characteristic value, namely the 5% percentile.  
Moreover, the second and the third methods are unsafe and the first method [2] gives an excessively 
conservative result (Table 5). Other authors [22,23] have suggested that this last method is excessively 
conservative, the obtained results confirm this idea. For the cases we have studied, the search for the 
global minimum by non-Standard Limit Analysis does not seem to prove efficient, either in terms of 
computational costs or for its accuracy in approximating the actual minimum. 
As a conclusion, it is worth to notice that in cases as the one treated, when the contribution of the 
mortar cannot be taken into account for the strength of the structure and when the collapse is 
produced by sliding and due to point loads, the dispersion of the results is wide, implying that those 
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methods that do not take into account the randomness effect, could give results far from the 
characteristic value of the experimental results. Therefore, a larger research in this field is required, 
both from the theoretical and the experimental points of view. 
REFERENCES  
[1] Roca, P., Cervera, M., and Gariup, G. (2010). Structural analysis of masonry historical 
constructions. Classical and advanced approaches. Archives of Computational Methods in 
Engineering, 17(3): 299-325. 
[2] Fishwick, R.J. (1996). Limit analysis of rigid block structures. Ph.D. thesis. Department of Civil 
Engineering University of Portsmouth.  
[3] Ferris, M. C. and Tin-Loi, F. (2001). Limit analysis of frictional block assemblies as a 
mathematical program with complementarity constraints. International Journal of Mechanical 
Sciences, 43(1), 209-224. doi:10.1016/S0020-7403(99)00111-3 
[4] Magdalena, F. and Hernando, J.I. (2013). Análisis límite de estructuras de fábrica como 
problema de contacto unilateral: resolución por el método de Monte Carlo. In Proceedings 
2nd International Congress on Mechanical Models in Structural Engineering (pp. 68-77). 
[5] Magdalena, F. (2013). El problema del rozamiento en el análisis de estructuras de fábrica 
mediante modelos de sólidos rígidos. Ph.D. thesis. Technical University of Madrid. 
[6] Pippard, A. J. S., & Ashby, R. J. (1939). An experimental study of the voussoir arch. Journal of 
the ICE, 10(3), 383-404. 
[7] Hendry, A.W., Davies, S R,Royles, R, Ponniah, D A, Forde, M C, and Komeyli-Birjandi, F. (1986). 
Load test to collapse on a masonry arch bridge at bargower, strathclyde. Transport and Road 
Research Laboratory. 
[8] Melbourne C. and Walker P.J. (1990). Load test to collapse on a full scale model six meter span 
brick arch bridge. Transport and Road Research Laboratory. No. CR 189. 
[9] Feilberg, K. (1999). Bending and Shear Tests with Masonry. SBI Bulletin 123. Danish Building 
Research Institute. 
[10] Oliveira, D. V. (2000). Mechanical characterization of stone and brick masonry. Report 00-
Dec/E-4, Universidade do Minho, Departamento de Engenharia Civil, Guimarães, Portugal. 
[11] Restrepo Vélez, L. F., Magenes, G., and Griffith, M. C. (2012). Dry Stone Masonry Walls in 
Bending–Part I: Static Tests. International Journal of Architectural Heritage. 
[12] Restrepo-Vélez, L. F., and Magenes, G. (2009). Static tests on dry stone masonry and 
evaluation of static collapse multipliers. ROSE Research Report 2009/02. 
[13] Bernardini, A., Modena, C. and Valluzzi, M.R. (1998). Load transfer mechanisms in masonry: 
Friction along a crack within a brick. Materials and Structures, Vol,31 pp. 42-48. 
doi:10.1007/BF02486413 
[14] Durstenfeld, R. (1964). Algorithm 235: Random permutation. Communications of the ACM 7 
(7): 420. doi:10.1145/364520.364540. 
[15] Davison, A.C. and Hinkley, D.V. (1997) Bootstrap Methods and Their Application. Cambridge 
University Press. 
[16] Rankine, W.J.M. (1858). A manual of Applied Mechanics. Richard Griffin & co (pp. 222-226). 
[17] Livesley, R.K. (1978). Limit analysis of structures formed from rigid blocks. International 
Journal for Numerical Methods in Engineering. Vol. 12 (pp. 1853-1871). 
648
Sliding collapse in masonry structures: experimental tests 
Third International Conference on Mechanical Models in Structural Engineering 
University of Seville. 24-26 june 2015. 
 
[18] Gilbert, M., and Melbourne, C. (1994). Rigid-block analysis of masonry structures. Structural 
engineer, 72(21). 
[19] Cottle, R.W., Pang, J.S. and Stone, R.E. (2009). The linear complementarity problem. SIAM. 
Classics in Applied Mathematics. doi:10.1137/1.97808987190 00. 
[20] Garey, M. R. and Johnson, D. S. (1979). Computers and intractability. New York: Freeman. 
[21] Hu, J., Mitchell, J. E., Pang, J.S., Bennett, K. P. & Kunapuli, G. (2008). On the global solution of 
linear programs with linear complementarity constraints. SIAM Journal on Optimization, 19(1), 
445-471. doi:10.1137/07068463x. 
[22] Orduña, A. and Lourenço, P.B. (2001). Limit analysis as a tool for the simplified assessment of 
ancient masonry structures. In Historical Constructions, Guimarães: University of Minho, pp 
511-520. 
[23] Gilbert, M., Casapulla, C. and Ahmed, H. M. (2006). Limit analysis of masonry block structures 
with non-associative frictional joints using linear programming. Computers & Structures, 
84(13), pp. 873-887. doi:10.1016/j.compstruc. 2006.02.005. 
 
649
